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Abstract

In this study we propose pseudospectral schemes for second-order wave equations subject to general bound-
ary conditions, including Dirichlet, Neumann, Robin, and materials interface conditions. The boundary
conditions are enforced in the schemes through a penalty method, and special attention is paid to analyzing
the stability of the schemes. In addition we discuss how to consistently impose boundary conditions at the
intermediate stages of the Runge-Kutta-Nystrom method, to avoid order reduction. The proposed schemes
can be used in multidomain computational frameworks for simulating wave problems on complex domains.

Numerical validations are conducted, and the expected convergence is observed.

Keywords: spectral/pseudospectral methods, penalty boundary conditions, second-order wave equations.

1. Introduction

Many wave phenomena in general relativity, acoustics, elastodynamics, and electrodynamics are described
by second-order wave equations. By introducing auxiliary variables these second-order wave equations in
many cases can be rewritten as equivalent first-order systems of equations. For example, in elastodynamics
the stress-displacement equations can be rewritten as stress-velocity equations. As pointed out in [27]
the advantage of performing simulations based on first-order equations is that many numerical stability
issues related to first-order systems of equations have been addressed because of the mature development
of computational fluid dynamics. However, this order reduction approach has a drawback. It increases the
total number of equations to be solved and thus increases the computational load.

In wave simulations the problem domains may be large compared with the wavelength. Thus, simulating

a wave propagating for a long distance implies a long time integration. Consequently, the simulation quality
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may be affected because of the accumulation of numerical dispersion errors. High-order methods have been
shown to be more efficient than low-order methods in preserving low accumulation of dispersion errors during
long time integrations, especially for multidimensional space problems [26]. Since the 1990s many high-order
schemes have been developed for simulating large-scale wave problems.

In addition to the large domain issue, simulating waves in regions involving heterogeneous media is
important. To accurately model wave phenomena at materials interfaces, one must specify suitable boundary
conditions to relate field values on both sides of the interface. However, imposing boundary conditions
in numerical partial differential equations is delicate [13]. Generally speaking, great care must be taken
to construct consistent and stable boundary closures for high-order schemes in order to ensure accurate
modeling of wave dynamics at materials interfaces.

Many high-order schemes have been devised for complex wave simulations based on first-order systems
of equations. Here, we briefly discuss some high-order schemes for wave equations in second-order form.
A class of high-order difference schemes, satisfying certain summation-by-parts rules, has been constructed
for scalar wave equations [28-32], elastic wave equations [3, 6], and Einstein’s equations [33]. High-order
schemes based on spectral-element and multidomain pseudospectral methods have been designed for second-
order evolution equations [12, 25, 35], elastic wave equations [2, 7, 24, 39], and Einstein’s equations [37].
Discontinuous Galerkin finite-element methods have also been employed to devise schemes for acoustic wave
equations [1, 4, 16], Maxwell’s equations [17], and Einstein’s equations [8].

In this study we present high-order schemes for second-order wave equations in one- and two-dimensional
spaces. Our approach is based on the Legendre pseudospectral method [21, 23] in space and the Runge-
Kutta-Nystrom (RKN) algorithm [34] in time. In the present schemes primitive boundary conditions are
enforced weakly through a penalty method [10, 11]. Special attention is paid to analyzing the stability of
these schemes subject to Dirichlet, Neumann, Robin, and materials interface boundary conditions. Through
conducting energy estimates we show that the proposed schemes can be made stable by properly choosing
the values of the penalty parameters. We use one- and two-dimensional space problems to illustrate the ideas
of our method in detail. In addition to the stable boundary treatments in space, we propose an approach for
consistently imposing time-dependent boundary conditions at the intermediate stages of the RKN method,
to avoid order reduction. The basic schemes can be used in a multidomain computational framework, similar
to the approaches in [9, 20, 22, 38|, to solve wave equations in complex domains. Indeed, we have conducted
numerical experiments for wave problems in one- and two-dimensional spaces, and we have observed the
expected convergence results.

The rest of the paper is organized as follows. In Section 2 we present the schemes for the second-
order wave equations, and we discuss boundary treatments to ensure the stability and accuracy of the
schemes. Section 3 is devoted to the numerical validation of the methods for wave problems in one- and
two-dimensional spaces. Concluding remarks are given in Section 4.
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2. Formulations

In this section we introduce numerical schemes for one- and two-dimensional second-order waves and we

discuss boundary treatments of these schemes to ensure stability and accuracy.

2.1. Model 1D problems
Denote as (x,t) the space-time coordinate. Let DY) = [z, 0] and D) = [0, zr]. We consider u®)(x,t)

for v = 1,2 satisfying the initial boundary value problem (IBVP):

i) (2, 1) = a® (@) (b ()l (x, t))/, 2eD®, >0, (1a)

W (z,0) = f(x), W (x,0)=hr" (), z e DV, (1b)

Bru 1)($L7t) =gr(t), Br=ar— B0 t>0, (1c)
Bru® (xp,t) = gr(t), Br=ar+ Bros, t>0, (1d)
W(0,) = u®(0,1), t>0, (1e)

b (0) u<1>(0,t) <2>( )0, u'?(0,1), t>0. (1f)

The symbol - denotes the time differentiation, and ' = 9, denotes the differentiation with respect to the
space argument. For v = 1,2, a®)(z) > 0 and ) () > 0 are assumed smooth functions, and f®*) and h(*)
are the initial data of u®) and 4, respectively. Bru = g (t) and Bru® = gg(t) are the boundary
conditions applied at the end points z; and z g, respectively. By, and Bg are termed boundary operators,
and they are parameterized by non-negative real numbers, oy, 81, ag, and Sr. Equations (1e)—(1f) are the
interface boundary conditions relating field values on both sides of the interface at + = 0. For homogeneous

boundary conditions, g;, = gr = 0, the problem leads to an energy estimate
()2

())2
Z / o +b<”>(a u)? da <Z / (h +b(”)(8 FON2dx
D) a a

()
(bu)(f(l))z) 4 g_lf: (b(Z)(f(Z))2)

ﬂL
provided that ay, /B, > 0 and ar/Br > 0.

2.2. Pseudospectral methods for 1D wave equations

We now present stable boundary treatments for one-dimensional pseudospectral schemes for second-order

wave equations.

2.2.1. Legendre pseudospectral method

Let N be a positive integer and | = [—1,1]. Denote as & = {&}¥, the set of Legendre-Gauss-Lobatto
(LGL) grid points on I. These points are roots of the polynomial (1 — £2) Py (€), where Py () is the Nth-
degree Legendre polynomial. We adopt the Legendre pseudospectral method to approximate a function «(§)
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and its derivative defined on | as follows,

u(€) = Inu(€) =D 1i(ul§), '€~ (Tnu©) =Y l(Eu()),
Jj=0 j=0

where Zy is the interpolation operator and [;(§) = — N(N(J:)EZ)—IZ]?)(J%(@) for 7 =0,1,..., N are the Lagrange
basis polynomials based on the LGL grid points, satisfying I;(&;) = d;;, with ¢;; being the usual Kronecker
delta function. Associated with a set of LGL points is a set of quadrature weights, denoted by w = {w;}¥,

and we have the quadrature integration formula

N
[1©de = sy (3)

i=0
provided that f(€) is a polynomial with degree at most 2N — 1.

To apply the approximation method for functions defined on a general interval, say, D = [z, xRr], we
introduce a coordinate transformation to map | onto D. For simplicity and without losing generality, we

consider a linear coordinate mapping z(§) and its inverse {(x) as
w(@)=ap+J(E+1), &@)=-1+@-=z)/), J=(xr—21)/2,

with J being the Jacobian of the mapping. Then, we can approximate u(z) and u'(x) defined on D as

N

u(z) = Inu(x ZL v (z) =~ (Iyu(x Z

§=0
where L;j(x) = 1;(§()), Li(x) = 15(§)/J, and z; = z(§;) for j = 0,1,..., N are the LGL grid points on D.
The integration quadrature rule, Eq. (3), through coordinate transformation becomes

N

/Du(x)dx = Zu(mi)Jwi, (4)

i=0
provided that u is a polynomial with degree at most 2N — 1. We have the following rules based on the
quadrature formula for further use. Let u and v be polynomials of degree at most N. So, uv’ and u'v are

polynomials of degree at most 2N — 1. Then,

Z Jwiu(z:)v' (x;) = u(zy)v(zy) — ulxg)v Z Jwin (x)v (i), (5a)

N
D Jwu(@) (In (0(@) Ly ()], = wl@n)o(@n)din — u(zo)v(xo)do — Juwjvla;)u'(x;). (5b)
1=0

Equation (5a) is a summation-by-parts rule mimicking the integration-by-parts formula. It is obtained from
converting the summation by its integral representation, performing integration by parts, and then rewriting
the resultant integral by its equivalent discrete summation. Equation (5b) is obtained by substituting
v'(z) = (In(v(x)L;(x)))" into Eq. (5a) and then employing L;(z;) = d;;.
For further details of the Legendre pseudospectral method we refer the reader to [23].
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2.2.2. Basic scheme and stable boundary treatments
We now discuss stable boundary treatments at = zy and z = zg described by Egs. (1c¢)—(1d). For

simplicity we omit the subscript (v) in Eqgs. (1a)—(1d) and consider u(z,t), x € D = [z, xR], satisfying

Egs. (1a)-(1d). To numerically solve the problem by Legendre pseudospectral method on the interval D, we
collocate N +1 LGL grid points, z; for j = 0,1, ..., N and denote the field values at the grid points by v;(t).

We seek a numerical solution of the form

o(a,t) =) Li()v; (1),

=0

satisfying the collocation equations

1.
Ui = (b} — biLn(2:)TR(Bron — gr) + biLo(z:)m1(Brvo — g1))’
b b
- UJI;]JVV Ly (z:)(Brox — gr), —‘T]’LOO Lo(:)(Brvo — g1, i=0,1,.,N, (6a)
vi =fi, Vi = hi, i=0,1,...,N, (6b)

where we have used a; = a(z;), b; = b;(x;), fi = f(xi), and h; = h(z;), and where 71, Tg, 01, and or are
penalty parameters whose values will be determined later to ensure the stability of the scheme.
We now conduct a stability analysis. It is sufficient to consider homogeneous boundary conditions,

namely, g;, = gr = 0. Multiplying v;Jw; to Eq. (6a) and summing the resultants, we have

N | —
&‘|Q‘

N .o N N N
. > %Jwi = Jwiti(biv]) = TrR(Bron) Y Jwiti(bi L (2:)) + 71.(Brve) Y Jwibi(bi Lo(x;))’
i=0 i=0 i=0 i=0

*URbNi)N(BR’UN> 70’Lb0(’[)0)(BL’U0>. (7)

Let us focus on the first summation term on the right-hand side of Eq. (7). We notice that v;(b;v})" are
the values of the polynomial o(z,t)(Zn[b(z)v'(x,t)])" at the grid points. Since ¥(Zn[bv'])’ is a polynomial of
degree 2N — 1, we invoke Eq. (5a) and obtain

N N-1

1d
E Jwi’l'Ji(bi’U;)/ :bN’l.)N’Ugv - bo@ov(l) — onbo’l'J(I)U() — JUJNbN'%VU;V — 55 E Jwibi(U;)Q. (8)
=0 i=1

Following a similar argument, we apply Eq. (5b) to evaluate the other two summation terms on the right-

hand side of Eq. (7). The results are

N
—7r(Bron) Y Jwiti(biLy (2:)) = —Tr(aroy + Broy) (byin — Jonbyiy), (9)
1=0
N
TL(Brvo) | Jwiti(biLo(w:)) = 7o (arvo — Brvh)(—boto — Jwoboiy). (10)
=0



Substituting Eqgs. (8)—(10) into Eq. (7), we obtain an energy rate equation
E = 2f€MLTL =+ 2f€MRTR, (11)

where F is the energy defined as
N N—1
E= Z Juwibs (v))? + Z Jwibi(v))? + (1 — ¢ 1) Jwobo(vg)? + (1 — ¢7') Jwnby (Vy)?, ¢ >1,
i=0 i=1

r, and TR are vectors given as v, (t) = v/bo[vo, —vh]T and rr(t) = Vb |vn, vy]T, where the superscript T'

denotes the vector transpose, and M and M i are matrices given explicitly as

—a(t+o 1-08(tr+o 2
o | o) 1srwe | 2 )
arJw —(1/c—pr)Jw N(N +1)
We have omitted the associated subscripts L and R for clarity. As suggested in [30-32], if we can choose
the values of the penalty parameters 7 and ¢ such that M is symmetric semi-negative definite, then we

have 27T Mr = d(rT Mw)/dt. As a consequence, integrating Eq. (11) with respect to ¢ and employing the

symmetric semi-negative definite property of M, we arrive at a bounded energy estimate of
E(t) < B(0) = (r;Myrrr)li=o — (rRM g7 R)|i=o,

implying the stability of the scheme.

We now provide a set of penalty parameters such that M is symmetric semi-negative definite. Let

1
T adwt (L+(c— 1)

0 = V(C - 1)7_7 v Z 17 (13)
where v is termed the penalty strength parameter. Then, M becomes symmetric:

—ar(l+v(c—1)) atJw
artJw —c Y Jwr(aJw + Ble —1)(y — 1))

M =

Denoted by u = p1 and p = us, the eigenvalues of M satisfy the characteristic equation

p=(a(l+~v(c—1))+c YHaJw+ B(c—1)(y—1))Jw)r

p+pp+q=0, with
qg=ctar(y—1)(c—1)Jw

Notice that —p = p1 + po and ¢ = pype. Hence, for ¢ > 1 and v > 1 we have —p < 0 and ¢ > 0, indicating
that both p; and pe are nonpositive. We conclude that M is semi-negative definite.

Before proceeding further we comment on the present way of imposing boundary conditions.

Comment 1. In order to ensure the stability of the scheme Eq. (6), it is sufficient to consider ¢ = 1, which
leads to 0 = 0. This approach leads to penalizing boundary conditions at every collocation equation. If
the boundary condition to be enforced is of Neumann or Robin type, one can alternatively take 7 = 0 and
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o = 1/3, and the resulting matrix M deduced from Eq. (12) is also symmetric semi-negative definite. For
this case the penalized boundary conditions are introduced only to the two end-point collocation equations.
However, as we will see soon from the eigen-spectrum analysis, the latter approach leads to a smaller time

step for stable computations when an explicit time-marching scheme is used, and this is a drawback.

Comment 2. The reason for considering ¢ # 1, particularly for ¢ = 2 and ¢ = 3, is the following. The
stability analysis for the one-dimensional scheme has led to a matrix M associated with an end point, and
for stable computations we need to make the matrix M symmetric semi-negative definite, by providing
suitable values of 7 and 0. We will soon show that for two-dimensional problems a similar energy analysis
leads to a family of matrices associated with domain boundary grid points, and the M matrix associated

with a quadrilateral vertex is similar to the matrix M given in Eq. (12) with ¢ = 2.

Comment 3. In this study we impose boundary conditions in the primitivity form. For first-order hyperbolic
systems of equations it is preferred to impose characteristic boundary conditions as suggested in [13]. For
second-order hyperbolic wave equations well-posed characteristic boundary conditions [18, 19] have been
derived, and the theory has been applied to construct a pseudospectral scheme for simulating black-hole
activities [37]. The differences between imposing characteristic and primitivity boundary conditions require

further investigation.

2.2.3. Figenvalue spectra and penalty parameters
For homogeneous boundary conditions, Eq. (6a) leads to a system of second-order ordinary differential

equations with a general solution as follows:
N
@(t) = Lu(t), uw=Y ¢ exp(v/Ait), (14)
i=0

where u(t) = [uo(t),u1(t),...,un(t)]’, £ is a matrix operator resulting from the right-hand side expression
of Eq. (6a), and A; and ¢, are the eigenvalues and the associated eigenvectors of the matrix operator L,
respectively.

We have shown that the scheme has a bounded energy estimate. This indicates that all the eigenvalues
of L are real and nonpositive, which can be validated by calculating the eigenvalues of £. Figure 1 presents
the eigenvalue spectra of £ for boundary conditions imposed at both end points being of the same type
(both Dirichlet or both Neumann), for various values of N. The penalty parameters 7 and o are given by
Eq. (13) with ¢ = 1 and v = 1. Indeed, the results show that the eigenvalues of L are real and semi-negative.

Later, we will use the Runge-Kutta-Nystrom method to advance numerical solutions in time. To maintain
stable computations, we require some knowledge of the spectral radius of the matrix £, denoted by p(L),
as a function of N. Here we consider only the matrix operators £ resulting from Eq. (6) with boundary
conditions imposed at both end points being of the same type. The L operators corresponding to Dirichlet,
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Figure 1: Eigenvalue spectra of £ corresponding to Dirichlet (left column) and Neumann (right column) boundary conditions

applied at both end points, for various values of IN.

Neumann, and two Robin cases parameterized by (a, 8) = (1,0.1) and (o, 8) = (1,0.01) are investigated in
this study. The square root of the spectral radius of £ is designated as A(L), that is, A = \/m We are
interested in how the penalty parameters, 7 and o, affect A(L). Notice that 7 and ¢ in Eq. (13) involve
other parameters, ¢ > 1 and v > 1. Here we use ¢ and ~ to characterize 7 and o, and we calculate A(L)
as a function of N. For convenience, these discrete values are plotted and connected as a curve, termed the
A-curve of L.

Figure 2(a) presents the A-curves of the £ operators corresponding to the Dirichlet, Neumann, and two

Robin cases, for c = 1 and v = 1. The results show that the two Robin case curves lie between the Dirichlet



case curve and the Neumann case curve and that for both the Dirichlet and Neumann cases, A(L) grows
quadratically as N increases. In addition, for each N the value of the Neumann case A(L) is smaller than
that of the Dirichlet case A(L) approximately by a factor of 2. We therefore will use the Dirichlet case A(L)
as a conservative guideline to estimate stable time steps of O(N ~2).

In Fig. 2(b) we present the A-curves corresponding to the Neumann and two Robin cases, for 7 = 0 and
o =1/8. For this set of penalty parameters only the Neumann or Robin condition can be imposed, and the
penalized boundary conditions appear only at the two end collocation equations. The figure shows that the
Neumann case A-curve also scales like N?. For a given N, however, the value of the Neumann case A(L)
shown in Fig. 2(b) is larger than that of the Neumann case A(L) shown in Fig. 2(a), approximately by a
factor of 2. We therefore will not consider using 7 = 0 and o = 1/ to enforce boundary conditions because
this set of parameters results in a smaller time step for stable computations.

In Fig. 2(c) and Fig. 2(e) we present the A-curves of the considered £ operators using (¢,y) = (2,1) and
(¢,7) = (3,1), respectively. Considering the curves in Fig. 2(a) as a reference, we observe that the A-curves
move upward as the value of ¢ increases. These results indicate that increasing the value of ¢ increases the
stiffness of the £ operator and thus reduces the maximum stable time step. However, we cannot avoid using
¢ > 1 for multidimensional space problems, as will be shown later. Hence, we use ¢ = 1 whenever possible.

Figures 2(d) and 2(f) present the A-curves of the considered L operators using (¢,v) = (2,2) and
(¢,7) = (3,2), respectively. Compared with the curves shown in Fig. 2(c) and Fig. 2(e), the A-curves also
move upward as the value of v increases. This result similar to the situation of increasing the value of c.

Hence, we use v = 1 whenever possible.

2.2.4. Two-domain scheme and penalty interface boundary condition

We now discuss an approach for imposing interface boundary conditions. Let us return to the IBVP
described by Eqs. (1a)—(1f). Notice that the interface boundary conditions Eqs. (1e)-(1f) can be rewritten
as expressions similar to Egs. (1¢)—(1d), by introducing the following interface boundary operators and the

associated boundary constraints on both sides of the interface x = 0:

g [v@) PONe) (v@))’}

L g= {vu) @ (Uu))’}

where (1) and 8®) are positive real numbers whose values will be determined later in the stability analysis.

on DO side  BoW|,_,- = {vu) + gp) (vu))’]

) (15&)

=0~ =0+

, (15b)

=0~

on D@ side Bv(2)|z:0+ = {0(2) — Bp2 (U(2))/]

=01

In the above expressions, the interface boundary conditions are simply linear combinations Eqgs. (le) and
(1f) parameterized by B and B, which can be viewed as defining Robin-type boundary operators and
suitable boundary functions on both sides of the interface.

We now present the scheme for the problem described by Eqgs. (1a)—(1f). We introduce linear coordinate
mapping functions to map D) onto |. The corresponding Jacobian of the coordinate transformations are
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Figure 2: Square roots of the spectral radii of £ as functions of N. The penalty parameters 7 and o are computed by Eq. (13)
using different values of ¢ and 7. (a): (¢,v) = (1,1). (b): 7 =0, 0 =1/8. (c): (¢,7) = (2,1). (d): (¢,7) = (2,2). (e):
(e7) = (3,1). (D): (c,7) =(3,2).

denoted by J®). On D™ we collocate N*) + 1 LGL grid points, :cg.y) for j =0,1,..., N®). The associated

quadrature weights and the Lagrange basis polynomials are denoted by wg'/) and LZ(-V)(SC(V)), respectively, for
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0<i< N®, We seek numerical solutions v*) for v = 1,2 of the form

N®)

v (@) ) =3 LY (@)l (1), (16)

j=0
satisfying the collocation equations
..(1)
U, 1 1 1)1 1 1 2 1 1 2 2
=4 = (bg )(vg )>/) (1) (b( )1 ( 21)( ( ))) (( ( 21) 71)(() )) 1+ 80 (b( 21)( 1(\/21))/ 7bg )(v(() ))/))
a;

cMpH M (1)
B v Ly (277) ((U(l()l) . Uo ) + 80 (b(l(l)( (1()1))/ _ b(()z)(véz))/)) . i=0,..,NO (17a)

(1)
JHwy s,
..(2) , ,
Vi (12, 2y @) (127 (2),, (2) (2) (2) 2y (1) (1) v
a(g) *(bi (v; )) +7 (bi Ly’ (x; )) ((”0 N(l)) g ( ( ) bNm( N(l))))
Db LP (@) ) 2) (@, @y _ 1) (1) : 2
- J(Q)w(()2) ((UO N(l)) 75( ) (bo (UO ) bN(l)( N(l))/)) y U= 07---7N( ) (17b)
w0) =", 80)=h, =01, N (17¢)

Because the boundary conditions at the outer boundaries are enforced in the same way as in Eq. (6a), we
have omitted them for clarity.

We now focus on determining suitable values of 3), 7(*) and ¢(*), such that the scheme is stable.
Multiplying Ogl)J(l)wgl) and OgQ)J(Q)w?) to Eq. (17a) and Eq. (17b), respectively, summing the resultants,

invoking the quadrature rules, and conducting integration by parts, we obtain an energy rate equation:

E(t) = 27T M,
where E(t) is the energy defined as
N() U) N® _q
:Z Z ) Wi )7 50, (u + Z 3 v) (”))’)QJ(”)wg”)
v=1 =0 i i=1

2 2
F ()6 (@) O, + (1) (W2)) TP, ex 1,

M) @ O

T
r is a vector defined as r = {v (v ) ), b(()Q)(v((f))’} , and M is a matrix given as

N Y N\ YN
_7Mp1)  FD)pM) 1 — 70 gMpM 7 pMp1)
7@ p2  _F2)p?2) 72 52)p(32) —(1 - 72 32p(2)
= , 18
Mo —rWapM  —(1/(cbM) — 70 gNHGM) —rWgmM®aM) (18)
7252 2z ®2) —r@p@)5?) —(1/(cb@) — 732 p2)5(2)

with

2J®)

=) — () (O GO
T =T +o0o ) N(V)( (V)+1)7

v=1,2.
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To ensure stable imposition of the interface boundary conditions, we seek suitable values of 5*), 7(*) and

o) such that the matrix M is symmetric semi-negative definite. Let

o® b(2)
B = T T S — IS TS e =r(c—1)rD, y>1
Be = i+ W(i(i) 1))’ 7@ = b(z)w(l)bi)bu)w@)’ o =q(c-1)r®, y>1.
Then M becomes symmetric as
-1 1 i) e,
1 -1 -2 —pM
MZM0 e 50 (480 1 050 B3 ’ 1)
s —pm) i ONI) —(d1 BN + do 323
with
. (1+~(c—1)pMp®@ . 14+ y(c—1) iy — (y=De-1)
b o) 4 p(Mp®2) 7 c ’ c

We claim that the eigenvalues of M are nonpositive for v > 1 and ¢ > 1. This fact can be verified through
examining the signs of the eigenvalues of m~'M instead, since m > 0. The eigenvalues of m~'M satisfy

the characteristic equation
p(p® + Ap? + Bu+ C) =0,

with

2 2 2 2 2 2 2
A=243 (8Y) +ds <Z /3<”>> , B=dy <Z /3<”>> 2+ di MR, € =2dy8M B <Z /3<">> .

v=1 v=1 v=1 v=1

We immediately know that 0 is an eigenvalue and the other three eigenvalues satisfy the cubic polynomial.
Notice that for v > 1 and ¢ > 1 the parameters 3V, 3 d;, and dy are positive. Consequently, the
coefficients A, B, and C in the cubic polynomials are non-negative. Employing Descartes’ rule of signs we
conclude that the cubic polynomial has no positive roots. Therefore, M is symmetric semi-negative definite,

and we obtain an energy estimate
E(t) < E(0) — (rMr)|i=o,
implying that the scheme is stable.

2.8. Multidimensional scheme

We now construct a scheme for wave equations for two-dimensional space problems.

12



§="Y(x) -

x=¥'(%) .
v NG, y)=-1

-V

Figure 3: Mapping of a domain Q smoothly mapped onto 12 = [—1,1]2.

2.8.1. Treatment for exterior boundary conditions
Denote as « = (x,y) and ¢ the space and time coordinates, respectively. Without losing generality
consider a domain  that can be mapped onto a square domain 12 = [~1,1]? with a coordinate system

termed &€ = (£, 7), as shown in Fig. 3. Consider u(x,t) satisfying the IBVP:

iz, t) = a(x)V - (b(x)Vu(zx,t)), xeQ, t>0, (20a)
u(x,0) = f(x), u(x,0)=h(x), T e, (20b)
Bu(z,t) = a(z)u+ B(x)n - Vu = g(t), zed, t>0, (20c)

where a(x) > 0 and b(x) > 0 are smooth functions and «(x) > 0 and S(x) > 0 are functions defined on the

domain boundary 9f2. For homogeneous boundary conditions the problem leads to an energy estimate

W (, t) 2 h?(x) 2 M 22\ da
/ H@) Va0 de < [ TE 4 y@)Vi(@)Pde+ § G @) da.

a(x) o a(x)
To numerically solve the problem, we first rewrite the problem in a curvilinear coordinate. Employing the
transfinite blending method [14, 15], we construct a one-to-one correspondence coordinate transformation,

x = x(€) and its inverse £ = £(x), to associate Q and 2. The transformation metric variables are related

as follows:
d d aE  9¢
oz _ | 5 oy % _ | & oy Oz 08 _
o€ y 9y | Oz am om | OO0z ’
o€ on ox oy

with I being the identity matrix.
Employing the coordinate mapping, we transform the variables in Eqs. (20a)—(20c). Here we use the

expression u(£,n,t) = u(x(€),t) to simplify the notations, and likewise for the other variables, a, b, f, h, «,

13



and . The wave equation in the curvilinear coordinate becomes

o_a(0UVEF) 0V F)\ m o (O 0u _ du
uJ( o + on ), Fqub<V§ V776>

where J is the Jacobian of the coordinate transformation.

To solve the problem defined on the square domain 12, we introduce M + 1 and N + 1 LGL grid points,
& fori=0,1,...,M and n; for j =0,1,..., N, along the £ and 7n axes, respectively. The quadrature weights
associated with the grid points §; and n; are denoted by wf and w?, respectively. Based on the grid points
& and 7n;, we denote the Lagrange interpolations functions by lf(«s) and l?(f), respectively. Employing
these basis functions and the quadrature weights, we define the two-dimensional quadrature weights and the
two-dimensional Lagrange basis polynomials as w; ; = w 7 and Ly ;(&n) = lg(ﬁ)l?(f), respectively.

Let v; ;(t) be the field values at the grid points. We seek an approximation v(€,n,t) of the form

N M
577, ZZL;&UUH,

=0 =0
satisfying the collocation equations
ii (O0(bIVE-F a(bJVn- F i1=0,1,..., M,
i,j =% ( (bJVE - F) + CAUEED + Qi,j) ; (21a)
Jij 9 & o i j=0,1,..,N,
) i1=0,1,..., M,
0ij(0) = fij,  0i;(0) = hij, , (21b)
j = 0) 1’ b 7N7
where F' and @ are
4
F(&m) = Vo(&,n) Zp[s] &Em), Q) =D d"lEm), (22)
s=1

with pl*! being the penalized boundary conditions enforced along the edges given as

pl(g,m) = ZLOJ (&) (Rl — g) | . (23a)

P, ) ZLM] (&) (PP ) | (23b)
p(E,m) ZLZ/O &) (rPnl (B (1)) | (23¢)
P, ) ZLM &) (rnl (B (1)) |, - (234)

and ¢!* being the penalized boundary conditions imposed at the vertices given as

g, = M(bﬂvem B%,w@(bﬂvgm ) lo.
wWo 0

L L
PRl (bIVEBe — 9) oo~ EED L (bITEE e — ) o, (240
w5 0
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L ,
(e, m) _M (bJ|V€|n[2] .pm) o+ Lan(€ ) (bJ|V§|n[2] .p[41) .

1
WM Wi
L L ;
- Do) o (1918 — ) o — ZENED G (41968 — g)) ar.v, (240)
Wit Wit ’
Lo~ (&,
06 m) =220 (gl p00) o4 LN (i) i Iy

Wo Wo
0

) L )
Losla) o8 (b7199I(850 — ) loo — 2208 (5190180 — 9)) ar, (240
Wo Wo ’

Lon(&m) Lyn (&)
[4] :L [4] . 4 Lmn(&m) [4] .
(& m) T (bJIann -pl )Io T (bJIann - pl )IMN

Lon(€n Ly n
— %a};ﬁg (bJ|Vn|(B[4]v - g)) lo.v = %ﬁ*)w (bJ|vn|(B[41v - g)) v (24d)

The four edges, £ = —1, £ = 1, n = —1 and n = 1, of a quadrilateral domain are labeled by s = 1,2, 3,
and 4, respectively. Variables defined on edge s are then labeled by the superscript [s]; for example, nlsl
denotes the outward-pointing unit vector function normal to edge s. As shown in Eq. (22), we have two sets
of penalty boundary conditions, p and q. Notice that ¢ vanishes at every point except at the four vertices.

We now conduct an energy estimate to determine the values of 7l*! and ol*l. Multiplying v; ; Ji ; /a; jwi ;
to Eq. (21), summing the resultants, applying the quadrature rule dimension by dimension, and doing

tedious calculations, we have an energy rate equation
Lo g4 g2l 4 g8l | gl
2 ?

where F is the energy defined as

M—-1N-1
FE = Zzwld o Z Z wm(bVU . V’U) o
1=0 j=0 “J i=1 j=1 LJ

and S for v =1,2,3,4 are the resulting boundary terms collected according to the edges.
We now show how to determine the values of the penalty parameters on the edge £ = —1 such that the

scheme is stable. The explicit form of SI is given as

N
S =N wl(J|VED o 7T M,
j=0

where 7; are vectors defined as
T
’I‘j = 4/ b()yj |:’L)01j, (Tl/[l] . V’U)|01j, |VS’U07]'|:| 5 VS’U = V’U — n[” (n[l] . V’U)

and M ; are matrices given as

—CY(TOJ‘ + 60,]‘0'0,0 + 51\[,]‘00,1\[) 1-— 6[7‘073‘ + (50,j00,0 + 5N,j0'O,N] 0
M; = at| Ve ;| 1w —(IVE[T ) (1/¢; — BT) 0
0 0 —| V€T wg /e
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Similar to the one-dimensional analysis, to ensure the stability of the scheme, we need to choose for each j a
set of 7 and o such that the upper left 2 x 2 submatrix of M ; is symmetric semi-negative definite, because
—wg /c; < 0. If we replace the variables |V¢|~! and wéin M ; by J and w, respectively, we observe that for
each j the upper left 2 x 2 submatrix of M ; is identical to the matrix M shown in Eq. (12). Hence, we can
make the matrices M ; symmetric semi-negative definite, provided that

B 1

A |VE + (L4 (e — 1)
0o0,j =7(¢; —1)10; j=0,N. (25b)

70,5 j:(),l,...,N, (253.)

The penalty parameters defined on the rest of the three edges can be obtained with a similar approach. We

summarize the results in Table 1.

Table 1: Pointwise values of the penalty parameters. v > 1. ¢; = 2 for j = 0, N and c; = 1 otherwise. ¢; = 2 for i = 0, M and

c¢; = 1 otherwise.

Edge 1/ o
§=—1| aowiVEo, + 1 +v(c; —1)Bo;  5=0,..
€=+1 | anwi, Ve, + AL +(c; —1)Bu; §=0,...
n=-1| aowi|Vnliy + (1 +v(ci=1))Bio  i=0,..,
n=41| anwk|Valiy+ (@ +(e-D))Bin  i=0,.,

Y70, J=0,N

YTM,j ]ZO,N

SIE|=z|=

'77-1',0 7= O,M

yrin 1=0,M

2.8.2. Interface boundary condition

We now discuss a way of imposing materials boundary conditions. Without losing generality we consider

two attached domains Q™) and Q) as shown in Fig. 4. Consider u*) for v = 1,2 satisfying the IBVP

@ (x,t) = aMV - (b(”)(w)Vu(”) (x, t)) ) xz e QW >0, (26a)
u(x,0) = fP(x), o« (x,0)=hr")(z), xz e QW) (26b)
BWu®) = oy 4 gp . vy = g(”)(t), x € 00q,t >0, (26¢)
u =u® @D pOv D) = nD . (pP vy ?), x € 0Q,t>0, (26d)

where 9)¢ is the boundary of the global domain U12/:1 Q®) | n is the unit normal vector function on 9,
0S); is the interface ﬂi:l Q™) and n is the unit normal vector function on 9. For simplicity we assume
a homogeneous Neumann boundary condition applied at the global domain boundary. The IBVP has an

energy estimate

2 5(1))2 2 B2
3 ) 0|2 das = 3 B 9 f )2 s,
—1 Q(u) a(V) — Q(u) a,(l/)
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Figure 4: Two attached quadrilateral domains

For each domain we can follow the single domain formulation to construct the scheme shown previously.
Here we present the numerical scheme with interface boundary conditions imposed through the penalty
methodology. As in the one-dimensional scheme we can define Robin-type boundary operators and the

associated boundary conditions along the interface separating two domains. The expressions are

on QO side, BOGD = W 4 g0pM . D7), M = 4@ 4 gMpM . 7y,

on Q@ side, B@u® = 4@ 4 g@p® . xOyy®) ¢ = 1) 4 g . Dy M),

where n") and n® are unit vectors normal to the interface and outward pointing from Q) and Q2
respectively, and (1) and 3(®) are positive parameters whose values will be determined later in the stability
analysis.

For v = 1,2 we seek numerical solutions v*) of the form

M@ N

v (e, W ) =3 S LI EW, ) @),

i=0 j=0

where LZ(-? (€@, n)) are the Lagrange basis polynomials and vfz) (t) are field values, defined on Q(*). We

require v(*) to satisfy the collocation equations:

JW @) w 0<i<M®
a5 )
b 0<j<N

9 (b<v> JOIvew) . F(u)) 9 (b<u> JOITp®) . F(u))
i 9EW) s o

a(”)
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w0) =15, o) =h), 0<i<M®, 0<j<N, (27b)
where
) _ w,®) ()
F J V’Ui’ —P; J (27C)
with p( ) and ql(:/j) being the pointwise values of the penalized interface boundary conditions. The explicit

forms of p®)(&,n) and ¢) (£, 7) are given as

1) (1 1) (1
P (e Z L ( 1 >) i S 500
N
2 2 2 2
PO ) = 3 £ (€20 nion)
§'=0

!
LM)(l) 0(5(1)a77(1)) (1)

gD (W My = " o (b<1>J<1>|V€<1>|(5U<1>)) v 6
“pmm
©) (1) (D)
L (€, n')
MM,N ’
> oy sy (VOTDIVED|50D) ) [y v
War
2 2 2 L(()2(%(§(2)a77(2)> (2) 2 2 2 2
¢@(ED, @) = - —E oy (b< ) J@|ve@ | (50 >)) lo.0
0
(2) (£(2) (2
Ly n(§™,n™)
— MTU((”QJ)V (b@) J<2>|V€<2>|(5U<2>)) lo.v
0

with

6t 5 = (@5t = v6) + (B g g (BT ager o = (BB VD)o )]

50 = [ (052} =ity ) + (BP oy - (BP0 oy = GOV g )]

We now conduct an energy estimate to determine the pointwise values of 5*), 7(*), and ¢(*) on the
interface. Multiplying (J®)9™w®))|; ; to Egs. (27), summing the resultants, invoking the quadrature rule

of integration, and doing tedious calculations, we obtain an energy estimate

N
E =Y wl 72T M;r;,
=0

where FE is the energy given as

M® Ny J( M(”) 1N-1
p-> (X ST T S e e
v=1 =0 j5=0

Here, wf’ = w!, JF = (JOIVED [yrr 5 = (JPIVED o, 7; are vectors defined as

o @ (oot (2) 0 Do (1) @) (@) !
i { Um0 Y0, <b on > ‘M(l)ﬁj, - (b on > ‘O,j, (b [Vsv |) ’MU),j’ (b Vv |) ‘O,j] ’
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and M ; are 6 x 6 matrices of the form

My 0
o M,

M; =

with 0 denoting the 4 x 2 zero matrix, M = diag (—Cugvlj)(l) j/(b(l)cj), —o’ué?}/(b@)cj)), and

—FOpW |0, FOO |y 1 -7 7D WD)
Iy 7@ —F@p2)|q —7F@p@p3)|, —(1 =72 @p@)|, )
U=
T(l)@(1)|M(1)J —T(l)@(l)le,j —(1/(cbM) — 7(1)5(1))@(1)|M(1)J —T(l)@(l)ﬁ(l)wm,j
7(2)@(2)|0j _7(2)@(2)|Oj _7(2)5(2)@(2)|0j —(1/(cb®) — 7(2)5(2))@(2)|0j
W) 20 4 o0 5 2 ) _ 2

M® 5 = M(l)(M(l)+1)|V§(1)|M(1),j7 Wo,5 = M(Q)(M(Q)Jrl”vé(?)lo,j'

For stability we need to choose the values of 7). ) and ) such that for each j the matrix M j is
symmetric semi-negative definite. Since M, is diagonal and negative definite, it is sufficient to choose the
parameters such that M is symmetric semi-negative definite. Notice that for each j, My and the matrix
M in Eq. (19) are of the same form. Hence, to make M symmetric semi-negative definite, we take

o2

b(2)

o n (6 ISR €))
ﬂM(l)J - (1+'Y(C* 1))()(2) ‘M(l)yj’ TM<1),j - b(z)cﬂ(l) er(l)@(z)‘M(l)J_v UM(l)ﬁj *'Y(C 1>TM(1)J’
(28a)
—(1) p(D)
2 _ w ‘ 2 _ ’ (2) _ EEIRC)
09 = T Ale— D0 oy ™9~ 5050 1 50e® |, 700 = 1 DT (28b)

with v > 1.

In the above formulation the edges on the two quadrilaterals are described by the equations £*) = +1
and n(¥) = +1 for v = 1,2, and the interface is described by ¢ =1 and €2 = —1. We have shown how
to determine the values of the associated parameters 7, o, and S at the interface grid points such that the
scheme is stable. For an interface described by other edges of the two domains, one can follow a similar

approach to determine the values of the associated parameters needed to ensure stable computations.

2.4. Time integration

To march numerical solutions in time, we adopt the RKN method [34] which is fourth-order accurate.
Denote the time step by At and the nth time level by t™ = nAt. Let v™ be the numerical solution at time ™.
The RKN method for a second-order differential equation of the form 4 = F(¢, v, ¥) involves the following

steps:

19



Intermediate steps:

Ky = F (¢, o, "), (29a)
At At At)? At
Ky =F t”+—,v”+—®"+uK1,i)”+—K1 , (29b)
2 2 8 2 -
At At At)? At
Ks=F t”+—,v”+—®"+( ) Ky, 0"+ —Ky |, (29c¢)
2 2 8 2
n n * T (At)2 - T
Ky=F [t"+ At 0" + Ato"™ + 5 K3, 0" + AtK3 |, (29d)
Update step:
n+1 n <M At sn+1 ) At
v =0 +Af v +?(K1+K2+K3) s v = +F(K1+2K2+2K3+K4) (296)

Notice that the wave equation considered in the present study does not involve ¥. Thus, we have K3 = Ko
in the RKN method to simplify computations.

If the imposed boundary condition ¢(t) is an explicit time-dependent function, then special treatments
are needed to avoid order reduction of the RKN method. The reason is that the explicit time function intro-
duced to the scheme leads to an inaccurate approximation at the final update step. To recover the correct
convergence rate of the present method, we follow a similar analysis shown in [5] and obtain approximations

of g(t) at the intermediate time levels t" + At/2 and t" + At by g(¢t"™) and the derivatives of g(¢") as

o (17 +5) st + St e + S0, (30)
2 4
90"+ A1)~ g(t) + g/ (1) + B g0, + B g,y B gy (aom)

where ' denotes the differentiation with respect to the time variable ¢.
A formula for adaptively computing the time step, which has taken the grid distortion into account, was
given in [20] for multidomain pseudospectral wave simulations. For the present study we modify the formula

and compute the time step At as follows:

-1
At = CFL x min (\/a(:c)b(:v)|x|) X = |VE|/AE + |Vl An;,

where CFL is designated as the Courant-Friedrichs-Lewy number, (a(x)b(z))'/? is the local wave speed,

X is the local grid distortion vector, A§; and An; represent the local grid sizes, and |V¢| and |Vn| in this

9¢ _ (|9n] |9n
3yD’ Ian—(ax 8y)'

In this study we use CFL < 0.6 for stable computations after a series of numerical tests.

particular notation are given by

0
vel = (|5

) )
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3. Numerical Results

3.1. Error and convergence rate

We have conducted a series of numerical experiments based on the present methods. For each compu-
tation we measure the maximum error defined as e(N) = ||u — un||co, Where u is the exact solution and
u is the numerical solution corresponding to polynomial degree N. The convergence order denoted by g is

calculated as

_ Llog(e(N1)/e(N2))
2 lOg(NQ/Nl)

where the extra factor 1/2 results from the minimum grid point size, which scales like 1/N2. In this section

we provide one- and two-dimensional computational results of the experiments.

Example 1. Let | = [—1,1]. Consider u(z,t) = sin(1.57(x — t)) satisfying following the problem:
i(x,t) = u’(x,1), zel, t>0,

u(z,0) = sin(1.57x), «(x,0) = —1.57cos(l.5mx), z el

Bru(—1,t) = ar sin(1.57(—1 —t)) — Br(1.57) cos(1.5m(—1 — t)), t>0,

Bru(+1,t) = agsin(1.57(+1 — t)) + Br(1.57) cos(1.5m(+1 — 1)), t>0.

Our first experiment examines the convergence property of the scheme with boundary conditions imposed
at the RKN intermediate stage. We numerically solve the problem with and without applying Egs. (30a)—
(30b) at the intermediate stages. Results of the convergence study are presented in Table 2. We observe
order reduction of the RKN method if the scheme is without correction at the intermediate stages. If the

modification is made at the intermediate stages, then the correct convergence order is recovered.

Table 2: Convergence study results of the scheme with and without correction at the RKN intermediate stages for Example 1.

T=1.25. a, =1,8, =0, agr =1, B =0

Without Modification With Modification
e(N) g eN)  q
12 2.0285e-03 - 1.7045e-03 -
16 9.4277e-05 5.33 2.5561e-06  11.3
20  4.1925e-05 1.81 3.7849e-07  4.27

24 1.9125e-05 2.15 8.8487e-08  3.98
28  1.0223e-05 2.03 2.5880e-08  3.98

Tables 3—5 present convergence study results of the method solving the problem subject to different types
of boundary conditions applied at = £1. It is shown that for each terminal time 7" the error decays as N
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increases and the convergence rate is of fourth order. Moreover, we observe that for a fixed grid resolution

N the error increases approximately linearly in time, indicating that the scheme is also time stable.

Table 3: Convergence study for Example 1 at different terminal times. oy, =1, 8, =0, ag =1, g = 0.

T=1 T =10 T =100
N

e(N) q e(N) q e(N) q
12 1.4470e-03 - 1.1860e-02 -  1.1752e-01 -

16 1.1732e-05 8.36 1.8494e-04 7.23 1.6699e-03 7.39
20 1.9744e-06 3.99 3.1507e-05 3.96 2.7914e-04 4.00
24 4.6719e-07 3.95 7.3324e-06 3.99 6.5020e-05 3.99

Table 4: Convergence study for Example 1 at different terminal times. oy, = 1, 8 =0, ag =0, Bgr = 1.

T=1 T =10 T =100
N

e(N) q e(N) q e(N) q
12 1.4363¢-03 - 1.1808e-02 -  1.1736e-01 -

16 3.6827e-05 6.36 1.1135e-05 12.1 1.0532e¢-04 12.2
20 6.1740e-06 4.00 8.9822e-07 5.64 9.4168e-06 5.41
24 1.4398e-06 3.99 2.3073e-07 3.72 2.1910e-06 3.99

Table 5: Convergence study for Example 1 at different terminal times. oy, =1, B =0, ag =1, Br = 0.5

T=1 T =10 T =100
e(N) q e(N) q e(N) q
12 1.4349¢-03 - 1.1819e-02 - 1.1742e-01 -

16 2.7994e-05 6.84 4.6733e-05 9.61 1.0524e-04 12.2
20 4.6969e-06 3.99 7.5846e-06 4.07 3.0923e-06 7.90
24 1.0848e-06 4.01 1.7765e-06 3.98 7.4317e-07 3.91
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3.2. hp-convergence

Example 2. Let Q = [~1,1]2. Consider u = sin(n(x +y — \/2t)) satisfying the IBVP:

ii(z,y,t) = Viu(z,y,t), (x,y) €t >0

u(z,y,0) =sin(n(z +y)), u(z,y,0) = —v2rcos(n(z + 1)), (z,y) € Q,
w(+1,y,t) = sin(r(£1 +y — V2t), yel-1,1],t>0
u(z, £1,t) = sin(r(z £ 1 — V2t), ze[-1,1],t>0.

We use structural and unstructured multidomain meshes (see Figs. 5(a)-5(d)) to simulate wave prop-
agations. For a given mesh the grid resolutions N and M within each element are set equal. A Dirichlet
boundary condition is assigned on a subdomain edge if it is a piece of the global domain boundary. To patch
field values between elements, we assign continuous interface conditions at these domain edges.

Convergence study results are given in Table 6. For the computations based on a structural mesh we
observe p-convergence as the grid resolution N increases, and the convergence rate is of fourth order. While
the total number of domains increases for a constant IV, we see h-convergence. For the computations based
on the unstructured mesh we observe exponential convergence. This rapid convergence is due to the fact that
distorted subdomains lead to a smaller time step and the error is dominated by the spatial approximation.

Wave field profiles computed by the present methods are shown in Fig. 6.

Table 6: Convergence study results for Example 2 at T' = 10. The computational meshes are shown in Fig. 5(a-d). v =1 for

computations based on structural meshes and v = 1.2 for computations based on the unstructured mesh.

N 1 Domain 4 Domains 16 Domains 9 Domains
e(IN) q e(N) q e(IN) q e(N) q
8 3.2601e-03 - 3.2713e-05 - 8.2056e-07 - 3.5017e-04 -

12 9.3474e-06 7.21 5.1471e-07 5.12 3.2102e-08 3.99 5.8834e-08 10.71
16 8.8419e-07 4.09 5.6301e-08 3.84 3.5116e-09 3.84 7.1608e-10 7.66
20 1.5723e-07 3.86 9.9412e-09 3.88 6.1744e-10 3.89 1.3077e-10 3.81

Here we address an issue related to the penalty strength parameter . In this example we use v = 1 for
computations based on the structural meshes, and we use v = 1.2 for computations based on the unstructured
mesh because of numerical instability. In Fig. 7 we present the error histories for the computations based on
the unstructured mesh with different values of «. The results show that the computations are unstable for
v = 1.0 and v = 1.1 and that the computation becomes stable for v = 1.2. These results are consistent with
the theoretical analysis since increasing the value of v increases the dissipation in the scheme. Although the
penalty strength parameter plays a role in suppressing the instability, we note that the stability condition v >
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Figure 5: Structural meshes composed of 1 domain (a), 4 subdomains (b), and 16 subdomains (c). Unstructured mesh composed

of 9 subdomains (d).

1 obtained from the analysis shown in Section 2 is only a necessary condition but not sufficient. Hence, the
numerical instabilities due to severe grid distortions may not be eliminated completely by simply increasing
the value of «. In this situation a possible way to suppress the instability is to introduce more dissipation
to the scheme through filtering. This approach has been widely used in pseudospectral computations for
partial differential equations. Since the filtering issue is beyond the scope of this study, we refer the reader

to [23] for further details.
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Figure 6: Wave fields computed by the present method for Example 2 based on the 16-domain structural mesh (see Fig. 5(c))

and the unstructured 9-domain mesh (see Fig. 5(d)).

y=1.2

Max Error

L L L L L L 1
0 200 400
Time

Figure 7: Error history for Example 2 based on the unstructured mesh shown in Fig. 6 with grid resolutions M = N = 16, for
v=1.0,1,1 and 1.2.

3.8. Problem involving material discontinuity

Example 3. Let Q) = [-1,0] x [-1,1], Q@) =1[0,1] x [-1,1] and Q = [~1,1]2. We consider the following

problem:
1
ﬁ(l)(x,y,t) = §V2u(1)(x,y,t), (z,y) € QW >0
1
ﬁ(2)(x,y,t) = 5V2u(2)(x,y,t), (z,y) € 02 >0
uV(z,y,0) = sin(rz) sin(r oW(z,y,0) =0 T e QW
b y? y b b y7 b b y b
5
u®(z,y,0) = 3 sin(2nz) sin(my), @ (x,y,0) =0, (z,y) € QP
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u(l)(‘rayat) = U(Q)(,T,y,f) =0, (ZC,y) c 69, t>0

1 0uM(0,y,8) 1 9u(0,y,1)
V2 Oz V5 Ox ’

where 0 denotes the domain boundary of the global domain Q.

uM(0,y,t) = u?(0,y,1), yel-1,1,¢>0,

The analytic forms of (1) and u(?) are

uD(z,y,t) = sin(rz) sin(ry) cos(nt), uP(z,y,t) = \/gsin(%rx) sin(7y) cos(mt).

To solve the problem, we decompose the domain [—1,1]? into four equal-sized squares as shown in Fig. 5(b).
At adjacent subdomain edges we enforce continuous interface boundary conditions for patching field values.

Table 7 presents results of a grid convergence study. For each terminal time 7' (7' = 1, 10, 100) we see that
as N increases, the error rapidly decays and the convergence rate gradually recovers a fourth order. This
numerical experiment shows that the penalized interface boundary conditions do effectively patch the field
values in between subdomains even for discontinuous material coefficients at interfaces. For completeness

we illustrate the computed field plot at 7= 1 in Fig. 8.

Table 7: Convergence study results for Example 3 at different terminal times.

v T=1 T =10 T =100
e(N) q e(N) q e(N) q
8 9.4735¢-04 1.6679¢-03 1.5173¢-03

10 3.9624e-05 7.11  3.4855e-05 8.66 4.4049e-05 7.93
12 4.4145e-07 12.33 5.7483e-07 11.25 3.2956e-07 13.42
14 7.3508e-09 13.22 7.3004e-09 14.16 2.0455e-08 9.01
16  6.1655e-11 17.99 5.6466e-10 9.58  5.6832e-09 4.79

3.4. Curvilinear domain problems
The preceding examples were based on meshes composed of straight-sided domains. We now provide

convergence studies of our method for simulating waves involving curvilinear domains.

3.4.1. Waves in a circular disk

Example 4. Let Q = {(r,0)|0 <r < 2,0 <0 < 2rx}, and consider u(r,0,t) satisfying the following problem:

ii(r, 0,t) = Vu(r,0,1), (r,0) € Q, t >0,
u(r,0,0) = Js(k,r)cos(36), au(r,0,0) = k,J3(k,r)sin(30), (r,0) € Q,
u(2,6,t) =0, 0<f6<2mt>0,
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05

Figure 8: Color contour (left) 3D field (right) plots of the simulated wave fields, u(*) and «(?) in Example 3, at T = 1.

where Js is the third-order Bessel function of the first kind.
The exact solution to the problem is given as
u(r,0,t) = J3(k,r)cos(30 — k.t), k. =3.190080947961992.

A mesh composed of twelve domains as shown in Fig. 9, with some subdomains being curvilinear, is used
for computations. The convergence study results are given in Table 8. We observe that for each terminal
time the error vanishes rapidly as the degree of the approximation polynomial increases.

In this example we use v = 1.2 for computations because of numerical instability. In Fig. 10 we present
the error histories for the computations with different values of 7. The results show that the computations

are unstable for v = 1.0 and v = 1.1 and that the computation becomes stable for v = 1.2.

Table 8: Convergence study results for Example 4. The terminal time 7T is expressed in terms of the fundamental period in

time p = 1.9696000586842051.

N T=1p T = 10p T = 100p
e(N) q e(N) q e(N) q
8 6.6186e-05 -  2.7843¢-04 -  4.6362e-04 -

10 1.5325e-06 8.43 2.6015e-06 10.47 7.3705e-06 9.28
12 2.5946e-08 11.18 1.5916e-08 13.97 1.0749e-07 11.59
14 4.2829e-10 13.31 1.0327e-09 8.87 1.0168e-08 7.64
16 3.5059e-11  9.37  3.4481e-10 4.10  3.4526e-09 4.04
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Figure 10: Error history for Example 4 based on the mesh shown in Fig. 9 with grid resolutions M = N = 8.
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3.4.2. Waves in a ring waveguide

Our fifth experiment involves simulating a wave in a ring waveguide.
Example 5. Consider the regions Q) = {(r,0)|2 < r < 25,0 < 0 < 27} and Q@) = {(,0)]2.5 < r <

3.0,0 <0 < 2n}. Within QW the coefficients are ') = b)) = 0.5, and within Q3 the coefficients are
a® = b2 =5. We consider wave functions u*)(r,0,t) for v = 1,2 satisfying the IBVP:

i) =aV . (V™) (r,0) € QW) ¢t >0,
u) = (AY Jg(")7) + BV Y3 (k™)7r)) cos(86), (r,0) € QW) t =0,
W™ = kWA a@b@) (AW Jo(kW)7) + BMYa (KW)7r)) sin(86) (r,0) € QW) t =0
u(2,0,t) = u?(3,0,t) = 0, 0 € (0,2m),t >0,
u(2.5,0,t) = u?(2.5,0,1), 6 € (0,27),t >0,
n- (OWvu(2.5,0,t) — P vu?(2.5,6,t)) =0, 6 € (0,27),t >0,

where Jg and Yg are the eighth-order Bessel functions of the first and the second kinds, respectively.

The solutions u®) for v = 1,2 are given as
u®) = (A(”)Jg(k:(”)r) + B(”)Yg(k(”)r)) cos (89 — k¥ a(”)b(”)t) (31)

with parameters provided in Table 9.

Table 9: Parameters used is Eq. (31)

y E®) AW) BW)
1 6.91653857590121  -0.000933627891442 -0.003076893577698
2 0.69165385759012  -0.999994830519074  -0.000000021132401

We use a computational mesh composed of sixteen domains as shown in Fig. 11. The results of the
convergence study are provided in Table 10. Onc can clearly see that for each terminal time T the error
decays as the grid resolutions increase. Notice that for this problem the wave functions u") and u(® are
continuous at the interface but the derivatives of them along the direction normal to the interface are
discontinuous. A snapshot of the computed field provided in Fig. 11 illustrates this feature at the interface

r=2.5.

4. Concluding Remarks

In this study we proposed a high-order accurate numerical scheme for solving the second-order wave
equation in curvilinear coordinates. The scheme is based on a Legendre pseudospectral penalty method in
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Table 10: Convergence study results for Example 5. The terminal time 7' is measured in terms of the fundamental period in

time p = 1.816858313802119. N, and NNy are grid resolutions in radial and azimuthal direction within each subdomain. v = 1.1

T=1p T =10p T = 100p
N, Ng e(N) q e(N) q e(N) q
6 9  1.5774e-03 - 1.7655e-03 - 1.5774e-03 -

8§ 12 2.3758e-05 7.29 2.4378e-05 T7.44 2.3758e-05 7.29
10 15 1.2321e-07 11.79 1.2443e-07 11.82 1.2321e-07 11.79
12 18  2.8065e-09 10.37 3.4813e-09 9.80 2.8065e-09 10.37
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Figure 11: Left: Multidomain mesh for simulating waves in a ring waveguide. Right: Computed wave field at T' = 10p.

space and a Runge-Kutta-Nystrom method in time. To ensure stable computations, we conducted discrete
energy estimates in order to determine suitable penalty parameters for problems subject to different types
of boundary conditions. In addition, we propose an accuracy-consistent approach for imposing boundary
conditions at the RKN intermediate stages to avoid accuracy order reduction. To validate the method, we
conducted numerical experiments for various problems, and we observe the expected convergence rate.

The present method is for the scalar wave equation. We plan to extend the method for systems of wave
equations in second-order forms such as vectorial wave equations resulting from raising the order of the

Maxwell equations in electromagnetic or the elastic wave equations.
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